Abstract. There is a growing interest in the role of the microenvironment in cancer, however, it has been known for over one hundred years that the immune system plays a prominent role in cancer. Recent decades have revealed more and more data on how our own host response to cancer cells can help or hinder progression of the disease. Despite all this work it is surprising how little is known about the role of the immune system in human breast cancer development, as compared to other cancers. Recent successes of PD-1 blockade in treating multiple cancers, and new developments with other immune targets such as CTLA-4 and CSF-1 inhibitors, highlight that it is becoming ever more important that we understand the complexity of the immune and inflammatory systems in the development and progression of breast cancer. With this knowledge it may be possible to not only target therapy but also more accurately predict those patients that truly need it. This review summarises some of the most significant findings for the role of the immune system and inflammatory response in breast cancer progression. Focusing on how the inflammatory microenvironment may be involved in the progression of pre-invasive ductal carcinoma in situ to invasive breast cancer. It will also discuss the use of immune markers as diagnostic and prognostic tools and summarise the state of the art of immune-therapeutics in breast cancer treatment.
Introduction
Over the past decade there has been a growing need to understand more about the mechanisms involved in the progression of early (pre-invasive) breast cancer [ductal carcinoma in situ (DCIS)] to invasive breast cancer [invasive ductal carcinoma (IDC)]. The breast cancer screening programme is detecting more DCIS than before. Understanding how DCIS progresses will help to tailor therapy and avoid overtreatment, because only 50% of detected DCIS cases will develop into invasive cancer (1) (2) (3) .
A significant body of work has focused on unravelling the genetic alterations that occur in cancer cells in the hope of identifying new molecular targets. A study carried out on breast cancer examining normal, atypical ductal hyperplasia (ADH), DCIS and IDC (the traditional view of progression) attempted to show the changes in genetic abnormalities during the development of breast cancer. However, the results demonstrated surprisingly few changes at the various stages, with the greatest number of genetic alterations seen in ADH, which were maintained in DCIS and IDC. The study indicated that the changes to gene expression that occur early in the disease largely reflect those of advanced breast cancer (4) . Studies by others have gone on to confirm this hypothesis (5) (6) (7) . The caveat to this study is that it reflects low-grade disease and therefore may not be relevant to high grade DCIS, HER2 + and basal types, which have the worst prognosis. Furthermore, the advent of Next Generation Sequencing may reveal more subtle genetic changes associated with disease progression.
This apparent lack of genetic evolution between DCIS and invasive breast cancer has centred attention on the microenvironment in mediating the transition to invasion. This review will focus on the role of the inflammatory cells in progression of DCIS to invasive disease (Table I) , for a review of other environmental factors at play see the review by Allen and Jones (8).
Inflammation as a prognostic indicator
Since Virchow first observed leukocytes in the stroma of neoplastic tissue in 1863 the immune system has been known to play a role in cancer. The modern paradigm of the role of the tumour microenvironment was further elaborated by Bissell et al (9) and there has since been an explosion of interest, especially in the role of inflammation.
In the 1990's several studies outlined the use of the inflammatory infiltrate in breast cancer as a prognostic marker. Aaltomaa et al examined 489 breast cancer patients with up to 10 years follow-up. They found lymphocyte infiltrate (LI) positively correlated to axillary lymph node status, tumour diameter and histomorphological variables. Multivariate analysis showed that LI was independently related to axillary lymph node status and was able to predict recurrence free survival as well as breast cancer related survival, however this analysis required the proliferation rate to be used in the categorisation of the tumours to be significant (10) .
In 1995 Stewart et al noted that mice that develop spontaneous mammary tumours (due to a retroviral driver) have natural killer cell and macrophage infiltrate. They also observed that immune suppression in the pre-malignant phase decreased the incidence of the tumours. They hypothesised that if women have a similar immune promotion paradigm of breast cancer, then women who are therapeutically immune suppressed should demonstrate a lower incidence of breast cancer. They looked at more than 25,000 immune suppressed women, followed for between 1-11 years, and found a significantly lower number of breast cancer cases than expected (86 vs. 113, p=0.009), whereas other cancers exhibited higher incidence (11) . This suggested immune promotion plays a significant role in breast cancer initiation and progression.
A more specific study of DCIS was carried out by Lee et al, this study set out to use vascular density as a prognostic indicator for DCIS, at the same time they investigated the contribution of the inflammatory infiltrate, which could affect angiogenesis by release of angiogenic factors and digesting matrix. Angiogenesis is an essential step in progression of breast cancer and the density of the vessels is an important prognostic factor for relapse and overall survival (12, 13) . Lee et al stained DCIS cases for a panel of markers (including CD3, CD8, CD45RO, CD45RA, CD20 and CD68). The main pattern of inflammation was B-and T-cells situated adjacent to involved ducts or in the interductal stroma. A less prominent pattern of diffuse stromal infiltrate composed mainly of macrophages (and T-cells to a lesser extent) was also seen. They were able to show an association between increased vascularity around the ducts and the diffuse infiltrate (12). Lee et al followed up on this study by looking at further markers of inflammatory involvement in DCIS progression. They were able to identify that the enzyme thymidine phosphorylase (TP) is frequently expressed in macrophages, particularly in the perivascular inflammation associated with DCIS. This increase in TP correlated with increased vascularity in DCIS but not in IDC (14) .
This study was corroborated by the group of Adrian Harris, albeit in breast cancer, not DCIS. This study demonstrated a significant positive correlation between angiogenesis and macrophages in breast tumours, with highly vascular tumours having higher numbers of macrophages. They went on to show that high focal macrophage infiltration was predictive of worse outcome, reduced relapse free and reduced overall survival albeit in invasive breast carcinoma (15) .
The advent of cancer therapies to reactivate anticancer immune responses (mainly via alterations to the T-cell population such as PD-1 inhibition) in lung cancer and melanoma, and studies described below (among others), have focused attention on the predictive importance of tumour-infiltrating lymphocytes (TILs) in breast cancer. In December 2013 a TIL Working Group (16) was convened to establish consensus methodological recommendations for TIL evaluation to aid standardisation across clinical trial design and translation research. The authors suggest this study may lead to the establishment of an immunological grade for breast cancer, which reflects a patient's own antitumour immune response.
Tumour associated macrophages
Tumour associated macrophages (TAMs) are generated predominantly from peripheral monocytes that traffic to the nascent tumour site (e.g. DCIS) where the factors released by the tumours influence the monocytes to differentiate into macrophages. Macrophages have a plastic phenotype that is highly dependent on the prevalent cytokines and growth factors found in the microenvironment, and the phenotype can change in response to changes in the microenvironment. The scientific community have attempted to define the types of macrophage by classifying them on a spectrum ranging from M1 to M2. Classically activated macrophages (M1) are characterised as pro-inflammatory, secrete cytokines like IL-12 and TNF-α and have tumouricidal activity. Alternative activated macrophages (M2) are characterised as immunosuppressive and express cytokines such as IL-10 and TGF-β (17) . TAMs exhibit a range of subpopulations, the most well documented are those with an M2 phenotype which express tumour promoting cytokines and growth factors that drive angiogenesis (VEGF), matrix remodelling (MMP2 and MMP9) and immune evasion (TGF-β) (18) .
Recently Bögels et al demonstrated that breast cancer cell lines skew macrophages towards an M2 (tumour promoting phenotype), while colon cancer cell lines push macrophages to an M1 (antitumour phenotype). They found differential secretion of proteins by colon and breast cancer cell lines, of which the proteoglycan versican was secreted exclusively by colon carcinoma cell lines. Reducing active versican, by blocking with monoclonal antibodies or shRNA, diminished pro-inflammatory cytokine production by monocytes. They went on to point out that the in vitro observations match with those in patients, where the presence of macrophages in breast or colon carcinomas correlates with poor or good prognosis, respectively (19) . This study suggests that different cancers educate the macrophage population differently and that if the macrophages can be re-educated from an M2 to an M1 phenotype this may represent a new therapeutic avenue. This is potentially possible by targeting NF-κB, the key regulator of macrophage phenotype (20) .
In breast cancer macrophages are one of the most abundant immune cell types and have been shown to be critical to the development of mammary tumours in mouse models (21) . The mouse model MMTV-PyMT has been observed to exhibit an increase in macrophages in premalignant tissue prior to the angiogenic switch (22) . Following on from this, the importance of macrophages in the progression of breast cancer was reported by Scholl et al who demonstrated that tumours with high levels of nuclear CSF-1 (a macrophage growth and recruitment factor) had more frequent metastases and this correlated with poor survival (23). Lin et al were able to mutate the CSF-1 gene in PyMT mice, this had the effect of reducing the macrophage infiltrate at the tumour site and inhibited the angiogenic switch, delaying tumour progression (24) . By overexpressing CSF-1 in a transgenic model they were able to demonstrate robust angiogenesis, even at premalignant stages, due to premature macrophage infiltration (13). More recently DeNardo et al (67) .
Positive correlation between increased CD20 (B-cells) and higher grade, hormone receptor negativity and basal subtype. Higher number of CD20 + cells correlated with a good prognosis and better survival (69) . Strong association of the expression of B-cell related mRNA transcripts with metastasis-free survival of rapidly proliferating node-negative breast cancer (70) .
T-cells
Higher nos. of T-reg identify DCIS In rapid proliferating tumours T-cell infiltration patients at higher risk of relapse (63) .
correlates with good prognosis (10) .
The percentage of CD4 + T-cells positively correlates with metastatic spread and increase tumour size (55, 57) . The level of T-regs in peripheral blood of breast cancer patients correlates with poor prognosis (61) . T-reg marker FOXP3 is linearly associated T-reg marker FOXP3 is linearly associated with with progression and metastasis (62) .
progression and metastasis (62) . Total numbers of CD8 + T-cells correlate with better patient survival (65) .
Macrophages Association between macrophage infiltrate
Positive correlation between angiogenesis and vascularity (12, 14) . and macrophages (15) . Tumours with increased nuclear CSF-1 had more frequent metastasis and poor survival (22) . CCL2/CCL5 expression correlates with advanced stage and progression (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Breast cancer cells lines skew macrophages to a tumour promoting phenotype (19) . Increased CD68 staining associates with increased vascularity, nodal metastasis and reduced recurrence free and overall survival (15, 44 have demonstrated that blocking the CSF-1 receptor (with a CSF1 mAb or PLX3397, a CSF-1R ATP inhibitor) in combination with paclitaxel treatment improved survival in mammary tumour-bearing mice. The mice exhibited slowed primary tumour development and reduced development of high grade carcinomas and pulmonary metastasis. This was attributed to the reduced macrophage infiltration and angiogenesis as well as increased CD8 T-cells (25) .
Another prominent set of chemokines involved in recruiting TAMs to breast cancer are CCL2 and CCL5. These two chemokines stimulate the migration of monocytes and T-cells and are not normally expressed in breast epithelia. In breast cancer increased expression of CCL2 and CCL5 has been observed and has been correlated with advanced disease and progression (26) . Both CCL2 and CCL5 have been shown to stimulate monocyte/macrophage cells to secrete MMP9 and uPA which drive matrix remodelling (27) . CCL2 expression in primary breast cancer was shown to have significant prognostic value for relapse free survival and correlated with tumour grade and lack of estrogen and progesterone receptor expression (indicative of poor prognosis) (28, 29) . Additional smaller studies have shown associations between CCL2 and poor prognosis (30, 31) .
Because CCL2 is a secreted chemokine the possibility of using it as a serum biomarker for prognostic purposes has been investigated. Several studies have been carried out with varying results, significant differences in the patient cohorts used makes interpreting between the studies difficult. However, some of the studies did detect increased CCL2 serum levels in breast cancer patients with advanced stage cancer (32) (33) (34) . Study by Qian et al demonstrated that targeting the CCL2/CCR2 axis in tumour cells reduces tumour growth and metastases (35) .
High incidence and intensity of CCL5 expression in breast tumour cells correlate with advanced stages of disease (stage II/III vs. stage I) (36) and CCL5 levels in patients with progression, relapse and/or metastasis have been found to be higher than those in remission. CCL5 is also a serum biomarker that is elevated in breast cancer patients when compared to healthy individuals and may correlate with stage (37) . It has been shown that CCL5 is a significant predictor of disease progression in stage II patients and using CCL5 + /ER -together improves the prediction of disease progression compared to using them alone (38) .
CCL5 may potentially be a causative tumour promoting factor in breast cancer, a murine model of breast cancer using 4T1 tumour cells expressing CCL5 antisense exhibited supressed tumour growth and reduced metastasis (39) . This is supported by two further studies using CCR5 receptor antagonists, a group from Frances Balkwill's laboratory demonstrated reduced tumour growth of 410.4 murine mammary carcinoma cells with met-CCL5 (40). More recently Velasco-Velazquez et al were able to show the CCR5 receptor antagonists Maraviroc and Vicriviroc reduced in vitro invasion of basal breast cancer cells. In addition Maraviroc decreased pulmonary metastasis of MDA-MB-231 in a mouse model (41) .
A key publication from the Weinberg's laboratory (42) has suggested the importance of the microenvironment as the source of CCL5 in breast cancer. It is well known that breast cancer is often accompanied by a desmoplastic response, comprising a variety of stromal cells with pro-and antitumorigenic activities including bone marrow derived mesenchymal stem cells (MSC). They demonstrated human breast cancer cells have the ability to attract human MSCs, using a Transwell assay in which bone-marrow-derived human MSCs were allowed to migrate towards media derived from MCF7/Ras or MDA-MB-231 cultures. It was found that human MSCs migrated much more avidly (~11-fold more) towards media derived from these cancer cells than towards non-conditioned media. GFP-labelled human MSCs infused into the venous circulation of mice bearing MCF7/Ras or MDA-MB-231 human breast cancer xenografts localized specifically to the developing tumours, with no observable accumulation in other tissues. Xenograft tumours mixed with MSCs exhibited a marked increase in lung metastases compared to controls. The co-localisation of the MSCs and tumour cells was found to be essential to the increased metastatic phenotype. The authors determined that a paracrine mechanism, the CCL5/CCR5 loop, was driving the effect. MSC cells were found to be producing high levels of CCL5, which was acting on the CCR expressed by breast cancer cells to drive a more motile and invasive phenotype. Knocking down CCL5 in the MSCs or blocking CCR5 on the breast cancer cells was able to reduce the degree of metastasis (42) . CCL5 is also associated with the TAM phenotype and has been shown to be upregulated at the RNA level and secreted protein detected in TAM cells derived from mouse sarcomas (43) .
Multiple clinical studies have supported TAM measurement in pretreatment biopsies for the prediction of outcome in human breast cancer. Adrian Harris' group have carried out two studies which have demonstrated that increased CD68 levels associate with increased vascularity and nodal metastasis as well as decreased recurrence free and overall survival in human breast cancer (15, 44) . While Tsutsui et al were able to show that patients with increased TAM density have worse disease free survival (45) . More recently Mahmoud et al found that higher total macrophage number was associated with higher tumour grade, ER and PgR negativity, HER-2 positivity and basal phenotype. In univariate survival analysis, higher numbers of CD68 macrophages were significantly associated with worse breast cancer-specific survival (p<0.001) and shorter disease-free interval (p=0.004). However in multivariate model analysis, the CD68 macrophage count was not an independent prognostic marker. The authors point out that the subsets of macrophages may still be of prognostic use, as these were not determined in their study (46) . A study carried out by Jin et al has also demonstrated increased CD68 + cells in invasive breast cancer and linked this to increased IL-1β expression, which they suggest is (in part) produced by the increased numbers of macrophages. This increase in IL-1β was linked to markers of more aggressive breast cancer. A small increase in IL-1β was seen in DCIS compared to normal tissue but it was not significantly different to benign disease (47).
Immune surveillance and myeloid derived suppressor cells
There is strong evidence that in some cancers immunesurveillance plays an integral role in initiation, growth and response to therapy. The present paradigm is that tumour cells are held in check by the immune system and evasion is required to establish the primary tumour (48) . One way tumour cells can evade the immune system is to downregulate their immunogenicity by reducing expression of immunogenic antigens. Another is recruitment of immune suppressor cells, e.g. myeloid derived suppressor cells (MDSC).
MDSCs are a heterogeneous population of bone marrow derived cells (BDMC) including immature macrophages, monocytes, neutrophils and dendritic cells. They function as potent inhibitors of natural killer (NK) cells and T-cells and are critical for the immune escape of tumours. A study with the 4T1 mammary tumour model showed accumulation of granulocytic MDSC correlates with metastatic progression. The MDSCs were found to be potent suppressors of in vitro T-cell proliferation (49) . Another study using the 4T1 model by Yang et al demonstrated that MDSC may not only supress the immune response, but actively drive invasion by secreting MMPs at the invasive front (50) . Blocking MDSC with zoledronic acid reduces tumour growth and improves antitumour responses in a HER2 breast murine model (51) . Additionally, CCL5 has been shown to be important in generation of MDSCs in mice and in humans, CCL5 blocking antibodies have been shown to inhibit MDSCs and drive increased T-cell proliferation (52) . In breast cancer patients circulating MDSCs correlate with cancer stage, the highest abundance being found in stage IV patients with metastatic disease (53) . MDSCs isolated from breast cancer tissues have been shown to supress T-cell responses via indoleamine 2,3-dioxygenase (IDO) (54).
T-cells
The extent of T-cell infiltration into invasive breast cancer has been reported to range from 1-45% of the tumour mass (55) . In rapidly proliferating tumours T-cell infiltration correlates with good prognosis, clear auxiliary nodes, smaller tumours, lower grade and better relapse free survival (10) . But the type of T-cells present affects progression. A tumour directed immune response involves CD8 + cytolytic T-cells (Th1) and NK cells, which is protective against the development and progression of a cancer. If the immune response involves the humoral immune response and/or a CD4 + (Th2) T-cell population the likely outcome is tumour progression (56) . The percentage of CD4 + T-cells in breast cancer positively correlates with markers of disease progression, including metastatic spread to sentinel nodes and increase primary tumour size (55, 57) .
The CD4 + T-cells with a suppressive phenotype have been studied for some decades and have been characterised into a subset called regulatory T-cells (T-regs). These play an important role in self-tolerance against auto-immunity and immune homeostasis by repressing a wide variety of immune responses via multiple mechanisms including cell-cell contact and release of soluble factors, e.g. IL-10 and TGF-β (56) .
In the 4T1 model lung metastasis requires T-reg mediated NK cell inhibition, while depletion of the T-regs reduces lung metastasis (58) . Tumour cell expression of galectin-1 is associated with increased T-reg frequency and increased lung metastasis (59) . Similarly to MDSC, T-regs have also been show to play an active role in driving invasion, independent of their immunosuppressive function. Gavin et al demonstrated that T-regs can promote lung metastasis of RANK expressing mammary tumours via production of RANK ligand (60) .
The levels of T-regs in the peripheral blood of breast cancer patients has been found to be high and tumour infiltrating T-regs levels are higher in breast cancer tissue than normal breast. These higher levels of T-regs correlate with poor prognosis (61) . T-regs enriched in FOXP3, GITR and CTLA4 exert the potential to supress effector T-cells in the periphery and are found at high levels in cancer patients, depletion or blockade of this subset can enhance immune protection (56). Gupta et al examined intratumoral expression of FOXP3 in invasive breast cancer compared to DCIS and adjacent tissue; they were able to demonstrate a linear association of intra-tumoural FOXP3 as a marker of progression and metastasis (62) . High levels of T-regs have been found to identify breast cancer patients at higher risk of relapse or recurrence and analysis of breast tumours has demonstrated a link between FOXP3 expression and progression of breast cancer (63, 64) .
Most of the research into the role of T-cells in breast cancer has focused on the immune-suppressive functions, however CD8 + lymphocytes are a known crucial component of cellmediated immunity. Mahmoud et al set out to determine the prognostic value of tumour-infiltrating CD8 + cytotoxic lymphocytes in breast cancer. They examined 1,334 unselected breast tumours and found that the total number of CD8 + cells was positively correlated with tumour grade and inversely correlated with patient's age at diagnosis, ER-α and PgR expression. Total number and distant stromal CD8 + lymphocytes were associated with better patient survival. In a multivariate analysis, total CD8 + T-cell count was an independent prognostic factor for better patient survival. These results suggest that tumour-infiltrating CD8 + T lymphocytes have antitumour activity due to the effect on patient survival (65).
B-cells
In breast cancer B-cells are found in draining lymph nodes and the tumour stroma, the sentinel nodes are enriched with IgG positive, proliferating B-cells. Studies have shown that the presence of B-cells in the sentinel and auxiliary nodes correlates with disease stage and tumour burden (66) . Analysis of the axillary nodes from breast cancers found the presence of IgG positive follicles and/or IgM positive lymphoid cells were statistically related to breast tumours of high grade and >3 lymph node metastasis (67) . The occurrence of autoantibodies (to smooth muscle or p53) in the serum of cancer patients has been show to correlate with poor prognosis (68) . However, more recently Mahmoud et al used immunohistochemistry to investigate the density and localisation of B lymphocytes infiltrating 1,470 breast tumours to identify any prognostic significance and relationship to various clinicopathological factors. There was a positive correlation between higher numbers of total CD20 + B-cells and higher tumour grade, ER and PgR negativity, and basal phenotype. In univariate survival analysis, higher total number of infiltrating CD20 + cells was associated with significantly better survival, therefore high B-cell numbers correlated with a favourable prognosis independent of the size of the tumour, grade, and lymph node invasion (69). This investigation is supported by the study carried out by Schmidt et al in node negative breast cancer (70) . These contradictory studies indicates more work need to be done on the contribution of the humoral response, as Mahmoud et al point out 'there is a distinct lack of data regarding B-cell infiltrate in breast carcinomas using large patient cohorts'. Interestingly, B-cell depletion in mouse models (MMTV-PyMT) has been shown to have no effect on early or late stage mammary carcinogenesis (71) , which highlight potential deficiencies in mouse models when studying the complexities of the human immune response to cancer.
Therapy
Due to immune-surveillance for defective cells solid tumours are often weakly immunogenic and develop strategies to avoid detection by immune cells, such as downregulation of antigenic surface markers (e.g. integrins) and recruitment of immune suppressive cells such as T-Regs and MDSCs (as discussed previously). This has led to the idea that restoration of the immunogenicity or depletion of the immune suppressive cells may enhance the immune system's ability to detect and target cancers (48) .
There is increasing evidence that commonly used cytotoxic drugs (e.g. anthracyclins) already increase antitumour immunity and therefore increase their therapeutic effect due to the apoptotic cells triggering antitumour immune signals (72, 73) . Doxorubicin has been shown to increase tumour antigen specific proliferation of CD8 + T-cells and biopsies of breast cancer prior to neo-adjuvant therapy showed a correlation between CD8/IFN-γ gene expression (indicative of Th1 recruitment) and clinical response to doxorubicin (74) . A more comprehensive overview of this area can be read in Criscitiello and Curigliano (75) . Subsequently targeted immunotherapies are increasingly being developed, e.g. monoclonal antibodies (mAbs) and tyrosine kinase inhibitors (TKIs). Trastuzumab (mAb targeted to HER2) is the most well-known mAb in breast cancer treatment, and antibody dependent cell-mediated cytotoxicity (ADCC) has been implicated as a mechanism of action (76).
Screening of H&E sections for lymphocytic infiltration have been shown to have predictive and prognostic value in triple-negative and HER2
+ breast cancer, in this context the TIL Working Group suggests that a strong antitumour immunity directed to multiple targets may result in improved control of a heterogeneous malignant cell population (16) . There are some examples of adjuvant and neoadjuvant studies that have examined TILs, full details can be found in the article by Salgado et al (16) . Two studies examined TILs in triplenegative breast cancer (TNBC) and hormone receptor positive breast cancer at diagnosis and were found to be a positive prognostic marker in a subset of TNBCs (77, 78) . Studies of HER2 + breast cancer and TILs have demonstrated higher TILs in baseline samples or immune enriched resulted in increased response to trastuzumab (79, 80) .
The T-cell inhibitory molecule B7-H1 (a.k.a. PD-L1) has been shown to induce T-cell anergy when bound to the receptor PD-1. Expression of PD-1 + /FOXP3 + T-regs in the breast cancer microenvironment has been demonstrated, raising the possibility of using PD-L1 therapy in breast cancer (81, 82) . PD-1 is an inhibitory receptor found on activated T-and B-cells, which helps to suppress antitumour immunity (83) . The efficacy of PD-1 blockade in the treatment of bladder cancer was recently demonstrated (84) , also it has previously been shown that blockade of PD-1 exhibits positive responses in other advanced carcinomas e.g. non-small cell lung carcinoma, melanoma, renal cell carcinoma and ovarian carcinoma (85) . There are several active clinical trials currently running investigating the role of anti-PD1 (pembrolizumab) in various cancers. One phase 1b study by Merck (Keynote-012) was recently presented at the San Antonio Breast Cancer Conference 2014 (abstract S1-09) outlining an 18.5% response to pembrolizumab in PD-L1-positive triple-negative breast cancers.
CTLA4 has homology to PD-1, but acts differently to downregulate immune signals and is found on T-cells where it induces T-cell anergy when activated. Phase III trials have demonstrated responses in advanced melanoma either alone (86) or in combination with other drugs (87). There are currently several active clinical trials using anti-CTLA-4 (tremelimumab) in different cancers. There has been limited research into the efficacy in breast cancer but one study by Vonderheide et al examined the combination of tremelimumab and exemestane in advanced breast cancer. While the trial was halted due to strong side effects, 42% of the patients exhibited stable disease for ≥12 weeks and treatment was associated (in most patients) with increased peripheral CD4 + and CD8 + T-cells, and a marked increase in the ratio of inducible costimulator (ICOS) + T-cells to FOXP3 + regulatory T-cells indicating the treatment was working (88) . New targets such as anti-PD-1 and anti-CTLA-4 mAbs may improve outcome in breast cancer, perhaps in combination with standard therapies, e.g. trastuzumab (89).
Conclusion/future directions
Over the past 20 years much has been learnt about the mechanisms underlying the complex interactions between immune cells and tumour progression. It is generally understood that the way in which the immune system responds to a tumour depends on the type of immune response generated by the microenvironment of that tumour. If a tumour drives CD8 + /Th1 T-cells, NK and M1 TAM recruitment, then the tumour progression is likely to be halted and the tumour destroyed or at least severely compromised in its ability to progress. However, if the tumour drives a CD4 + /Th2/T-reg, MDSC and M2 TAM response, then the tumour is likely to not only escape immune destruction but the immune cells may actively aid tumour progression to metastasis (Fig. 1) . We must bear in mind the caveat that this is an extremely simplified understanding of how the immune system responds to cancer cells and that it is much more complex than this.
The importance of this complexity cannot be underestimated as the immunotherapeutic clinical trials in cancer expand. While the success of the PD-1 inhibitors is an exciting prospect and new investigations into mono and combinatorial treatment for breast cancer are very important, lesson must be learnt from past failures and decreased emphasis must be placed on the reliability of mouse and animal models when making decision about dose, from a toxicity and side effect stand point. It was only 9 years ago, in 2006, that a phase I trial for the drug TGN1412 (the CD28-SuperMaB) resulted in horrific side-effects for the 6 volunteers. It took 6 years to understand how the lack of toxicity in animal models failed to predict the 'cytokine storm' in humans. This failing was a breakdown in the fundamental understanding that laboratory animals are not exposed to infection on a daily basis as are their wild-type counterparts. This difference results in an under-representation of effector T-cells (T-em) vs. T-regs in the laboratory animals compared to the human volunteers. The T-em cells are a reservoir of cytokines stored in tissues waiting to be released which is what happened in the response to treatment with TGN1412 in humans. Other failings were also exposed about the methods of deciding on dose (90) . What this study highlights is the need to gain a more comprehensive and detailed understanding of the complexities of the human immune system, which can only be achieved with more research, better animal replacement models and carefully designed clinical trials.
We need to develop a more detailed understanding of how these different cell types interact and use immune cells and cytokines as biomarkers to predict outcome and measure response to therapy. New targets such as anti-PD-1 and anti-CTLA-4 mAbs may improve outcome in breast cancer, perhaps in combination with standard therapies, e.g. trastuzumab (89). Eventually we will be able to harness our own immune system to target and destroy cancers and hopefully immunise patients from relapse.
